The authors document some of the unusual rotating updrafts (one of which produced a tornado) that developed over central Oklahoma on 28 October 1998 in an environment of strong (1.8 ϫ 10 Ϫ2 s Ϫ1 ) lowlevel (0-3 km) mean shear. The maximum convective available potential energy (including virtual temperature effects) a ''storm'' could have realized was approximately 300 J kg Ϫ1 ; however, most of the storms probably realized less than 100 J kg Ϫ1 . Average (maximum) parcel virtual temperature excesses were estimated to be 0.4-1.2 K (1.8-2.8 K). Echo tops were measured from less than 5 km to 11.2 km above ground level (AGL), although visual observations and radar data suggested echoes that extended above approximately 5-6 km AGL were not associated with significantly buoyant cloud elements. Radar characteristics of many of the storms were similar to supercell storms (e.g., weak echo regions, echo overhang, velocity couplets, hook echoes), as were some of the visual characteristics near cloud base (e.g., wall clouds, rain-free bases, and striated low-level updrafts); however, visual characteristics in middle to upper portions of the storms were not characteristic of typical severe storms, supercells, or previously documented ''minisupercells.'' Furthermore, the buoyancy realized by the updrafts was estimated to be considerably less than environments associated with the aforementioned minisupercells.
Overview
During the evening of 28 October 1998, several shallow (echo tops generally below 6 km) convective clouds developed in central Oklahoma. A photograph from 2340 UTC (540 pm CST; Fig. 1a) shows three of these updrafts from distances of 16, 31, and 50 km, respectively, looking north-northeast. The echo tops of clouds 1, 2, and 3 [as determined from Weather Surveillance Radar-1988 Doppler (WSR-88D)] were 6.2, 11.2, and 6.0 km above ground level (AGL), respectively (hereafter, all heights are AGL); however, the cloud tops were estimated photogrammetrically to be at 6.1, 10.5, and 8.8 km, respectively.
11 Both clouds 1 and 2 prompted 1 Only one landmark suitable for Photogrammetric analysis was present in the photograph; thus, these cloud-top estimates may contain errors of several hundred meters. Furthermore, cloud widths could not be estimated photogrammetrically. tornado warnings. An earlier storm 2 spawned a brief tornado at 2255 UTC (10 km north of Meridian, Oklahoma; 3 the tornado was documented by a local television crew; Fig. 1c ). Locally heavy precipitation (Ͼ2 cm) was recorded at several Oklahoma Mesonet (Brock et al. 1995) sites, owing to storms that moved repeatedly over some locations. A few intracloud lightning strikes were observed near and after sunset (M. Branick 1998, personal communication) ; however, no cloud-to-ground strikes were recorded by the National Lightning Detection Network during the event.
The moist convection was initiated in a region of moderately strong surface convergence [0.5-1.0 ϫ 10 Ϫ4 s Ϫ1 as analyzed by the Advanced Regional Prediction System (ARPS) Data Analysis System (ADAS; Brewster et al. 1994) ] along a slowly moving dryline in central Oklahoma (Fig. 2) . Aloft, a negatively tilted shortwave trough extended from western Nebraska to central Oklahoma at 500 mb at 0000 UTC 29 October. The convection did not produce elongated anvils; visible sat-
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Photograph from 2340 UTC 28 Oct 1998 (540 pm CST) from Oklahoma City, Oklahoma, looking north-northeast. Clouds labeled as 1, 2, and 3 are also labeled as such in Fig. 4 . Clouds 1, 2, and 3 were associated with echo tops of approximately 5.2, 11.2, and 6.0 km AGL, respectively, as determined by WSR-88D data (however, the cloud tops were estimated photogrammetrically to M A R K O W S K I A N D S T R A K A ← be at 6.1, 10.5, and 8.8 km AGL, respectively). The upper halves of clouds 2 and 3 visually appear to lack significant buoyancy. Local television crews observed rotating wall clouds at the bases of updrafts 1 and 2. Both storms prompted tornado warnings that were issued by the National Weather Service in Norman, Oklahoma. ellite imagery suggested a line of towering cumulus along the dryline that cast shadows near sunset (Fig.  3) . 4 We document this event because we believe these storms may represent a weaker variety (in terms of their size and inferred updraft strength) of storms that can be called supercells (Doswell and Burgess 1993) . Despite their unimpressive visual appearance at middle and upper levels (with respect to storm depth; Fig. 1a) , the storms displayed low-level visual and radar characteristics similar to larger supercells, including wall clouds (Fig. 1b; Fujita 1960) , striations (Bluestein 1984; Bluestein and Parks 1983) , clear slots (Fig. 1b; Beebe 1959; Moller et al. 1974; Peterson 1976; Burgess et al. 1977; Lemon and Doswell 1979) , hook echoes (Stout and Huff 1953; Fujita 1958; Browning 1964; Lemon et al. 1978; Lemon and Doswell 1979; Ray et al. 1981; Forbes 1981) , midlevel echo overhang (Marwitz 1972; Chisholm 1973) , and weak echo regions (Browning and Donaldson 1963; Browning 1964 Browning , 1965 Burgess et al. 1977; . Browning (1964) was the first to use the term supercell. Weisman and Klemp (1984) later proposed that storms with a high degree of updraft and vertical vorticity correlation be called supercells. The definition now most widely accepted seems to be that a supercell is a storm that contains a ''deep, persistent mesocyclone'' (Johns and Doswell 1992; Doswell and Burgess 1993; Doswell 1996) .
Relatively recently a variety of low-topped (tops Ͻ10 km) supercells, often referred to as ''miniature'' supercells, have been documented (e.g., McCaul 1991 Davies 1993; Kennedy et al. 1993; Stalker et al. 1993; Monteverdi and Quadros 1994; Knupp et al. 1998 ). These supercells are shallower than their taller (tops typically Ͼ12 km) counterparts that were documented originally (e.g., Browning and Donaldson 1963; Browning 1964 Browning , 1965 Browning , 1977 , although some of the visual (Davies 1993; Stalker et al. 1993) , radar (Kennedy et al. 1993; Stalker et al. 1993) , and dynamical characteristics Wicker and Cantrell 1996; McCaul and Weisman 1996) have been shown to be similar.
It will be shown that the storms documented in this paper probably should be called supercells because of the persistent (all lasted longer than 1 h), deep mesocyclones (in terms of fractional depth of the updrafts; all extended over Ͼ50% of the updraft depths) detected by Doppler radar. And because the storms were so shallow (most echo tops Ͻ6 km), strictly speaking, they were miniature. However, we will show that the environment of these minisupercells was considerably different from the minisupercell environments previously documented. It will be shown that the convective available potential energy (CAPE) 5 realized by the storms probably was not greater than 300 J kg Ϫ1 , with less than 100 J kg Ϫ1 likely realized by most of the updraftsseveral times less than in all previously documented miniature supercell events.
This case serves as an example of how the radar appearance of a storm can sometimes be vastly different from what one might anticipate based on the visual appearance of a storm. While the exact low-level processes associated with tornadogenesis are not known, they apparently were present in the 28 October storms despite the lack of realized CAPE and shallow depth-the majority of ''typical'' supercells do not contain the lowlevel processes necessary for tornadogenesis [i.e., most supercells, possibly greater than 80% (D. Burgess 1997, personal communication) , are nontornadic].
Visual and radar appearance
The storms lacked elongated anvils, although storms 2 and 3 (Fig. 1a) had flat tops. Careful analysis of WSR-88D data suggested that these tall (ϳ8-11 km), flat tops were short-lived (Ͻ30 min). These were not nascent anvils about to begin expanding downstream, nor did they represent a steady state of the convection. Echo tops were between 5-6 km for most of the lifetimes of the updrafts (as in storm 1 in Fig. 1a) , with cloud parcels only occasionally attaining the higher altitudes of storms 2 and 3. The wispy, glaciated appearance of the upper halves (above approximately 5 km) of storms 2 and 3 suggested that the parcels in the upper portions of the clouds had little buoyancy.
Storm 1 and the lower portions of storm 2 (lower portion of storm 3 not visible in Fig. 1a ) had betterdefined, cumuliform cloud edges, suggestive of parcel buoyancy from approximately 1.5 km (estimated visually and from sounding data) to approximately 5 km (estimated from Figs. 1 and 4). The lowest portions of the updrafts were observed by the authors to be striated and laminar (no photograph available), suggestive of updraft rotation and forced ascent of negatively buoyant air parcels. Furthermore, wall clouds and clear slots were observed at the bases of storms 1 and 2.
Cloud-top rise rates from WSR-88D algorithm timeheight output [analysis performed using the WSR-88D Algorithm Testing and Display System (WATADS 1998)] as well as scrutiny of plan position indicators (PPIs) showed maxima of cloud-top (0 dBZ when done manually with PPIs) rise rates typically Ͻ4-8 m s Ϫ1 , with the largest about 16 m s Ϫ1 . Examination of the WSR-88D PPI data and algorithm output also showed narrow (Ͻ10 km), often short-lived (Ͻ10 min) echo tops, such that cloud-top divergence calculations could not be made without serious errors. All of the data suggested that from a radar viewpoint, the vertical motions were significantly (50%-75%) less than the maximum that might be expected based on the realizable CAPE (Ͻ100 to 300 J kg Ϫ1 ; to be discussed in section 3). Furthermore, algorithm output and hand calculations using WSR-88D PPI data indicated that by the time parcels approached cloud top, little mass flux was present (little echo production by the anvil on radar using the 0 dBZ boundary or visually in photographs).
Radar data also revealed many structures that have been associated with supercell storms. A 2339 UTC radar image, obtained from approximately the time of the photograph in Fig. 1a , showed the presence of mesocyclones (all extending through half of the cloud depths or more) in storms 1, 2, and 3 (Fig. 4b) . A small hook echo was associated with storm 1 and a strong reflectivity gradient was observed in storm 2 (Fig. 4a) . The strongest horizontal shear was detected in storm 1 (8.6 ϫ 10 Ϫ3 s Ϫ1 ). Reflectivity cross sections (Figs. 4c
Base reflectivity (1.4Њ elevation angle) from the KTLX (Twin Lakes, Oklahoma) WSR-88D at 2339 UTC 28 Oct. Storms labeled as 1, 2, and 3 are the same storms appearing in Fig. 1a under the same labels. Tornado warnings were in effect for storms 1 and 2 at this time. The photograph in Fig. 1a was taken from the location marked X. The lines through storms 1 and 2 show the paths along which the cross sections of (c) and (d) and 4d) showed that the top of storm 1 was near 6 km; however, in storm 2, low (Ͻ30 dBZ) reflectivity extended to 11.2 km. This taller echo region did not appear to be associated with vigorous convection (Fig. 5) . In the next section it will be shown that air parcels probably were not significantly buoyant in the region where this echo was found.
WSR-88D PPIs at a number of elevation angles are presented in Fig. 6 for 2339 UTC. The 0 dBZ echo was chosen as the threshold to include in the plots as a surrogate for visible cloud boundaries. Some studies have found the visible cloud edge to correspond to the reflectivity as large as 10 dBZ in 10-cm radar data, so our choice of the 0 dBZ threshold should be considered conservative (Knight and Miller 1993; Wakimoto and Bringi 1988) . If indeed the visible cloud boundaries were reasonably well approximated by the 0 dBZ echo contours, then were below 6 km AGL. However, if the photogrammetric analysis errors were within tolerable limits, the top of storm 3 (ϳ8.8 km) extended above the radardetected echo top (ϳ6.0 km) [the radar-detected echo tops of storms 1 and 2 agreed well with the photogrammetric analysis (Fig. 5)] .
Although additional photographs were not available, many other storms displayed supercellular structures. A sample of radar images in Fig. 7 reveals some of the more prominent radar signatures observed. Radar imagery from 2249 UTC (a few minutes before the tornado near Meridian, Oklahoma) showed an inflow notch on the pretornadic storm (Fig. 7a) . Another storm to the southwest was associated with a reflectivity appendage. Velocity data at this time (Fig. 7b ) also showed horizontal shears associated with mesocyclones (9.0 ϫ 10 Ϫ3 s Ϫ1 in the storm near Meridian; 2.1 ϫ 10 Ϫ2 s Ϫ1 in the in the storm southwest of the Meridian storm; 8.5 ϫ 10 Ϫ3 s Ϫ1 in the storm northeast of the Meridian storm). Echo tops of the storms included in Figs. 7a and 7b ranged from 4.9 to 6.0 km.
The storm labeled in Fig. 1a as storm 2 (which prompted a tornado warning) is depicted in an earlier base reflectivity image from 2314 UTC (Fig. 7c) . A prominent hook echo is visible and a cross section of the same storm revealed a well-defined bounded weak echo region. Also visible in the cross section are low reflectivity echoes (Ͻ30 dBZ) that extend to roughly 10 km, similar to those that were observed later in time (a cross section of this storm from 2339 UTC was shown in Fig. 4d ).
Sounding and hodograph characteristics
The 0000 UTC 29 October, Norman, Oklahoma, National Weather Service rawinsonde was released approximately 50 km ahead of the broken line of rotating storms while the storms were in progress. The sounding probably meets most criteria for being considered a representative ''proximity'' sounding (e.g., Darkow 1969; Brooks et al. 1994; Rasmussen and Blanchard 1998) . Moreover, since upward mass flux in the storms was probably relatively small, it is not likely that the sounding would have been affected significantly by compensating subsidence 50 km away (Weisman et al. 1998) .
The surface dewpoint on the sounding (Fig. 8 ) was modified from 18Њ to 19ЊC to reflect the dewpoint of the Oklahoma City surface airways observation at 2300 and 0000 UTC, as well as the dewpoint observed by the Oklahoma Mesonet (Brock et al. 1995) site at Nor-
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FIG. 6. PPI plots (0.5Њ, 5.2Њ, 6.2Њ, 7.5Њ, 8.7Њ, and 12.0Њ elevation angles) from the KTLX WSR-88D from 2339 to 2343 UTC 28 Oct. Reflectivity 0 dBZ and greater is shaded light gray. On the 0.5Њ elevation angle PPI, regions of reflectivity exceeding 30 dBZ are shaded with a darker gray. On each range ring, the first number is the range from KTLX and the second number is the beam height at that range. The 0 dBZ echo threshold was chosen as a conservative approximation of the visible cloud boundaries. The 12Њ elevation angle PPI was the highest PPI on which echo associated with storm 3 was detected. The small square in the lower right corner of the 0.5Њ elevation angle PPI shows a 4 km ϫ 4 km square, which represents the resolution of infrared satellite imagery; thus, cloud-top temperatures were not able to be reliably determined from satellite data. man 6 from 2300-0000 UTC. It is possible that the low dewpoint bias of the rawinsonde (D. Andra and C. Doswell 1998, personal communication) may have affected measurements above the surface as well. This would have resulted in an underestimate of the mean mixing ratio in the lowest 50 mb, which was used in some of the CAPE and convective inhibition (CIN) calculations.
An undiluted, lifted surface parcel had 1510 J kg
Ϫ1
of CAPE following ''pure'' parcel theory (parcel process curve A in Fig. 8 ). CAPE was substantially less (729 J kg Ϫ1 ) if a parcel with the mean thermodynamic characteristics of the lowest 50 mb was lifted according to pure parcel theory (parcel process curve B in Fig.  8) .
Two additional parcel process curves are displayed in Fig. 8 . Curve C is our best hand-drawn estimate of the parcel process curve associated with the storm hav-6 This observation site is approximately 1 km from the rawinsonde site.
ing the highest observed echo top (11.2 km; 220 mb), storm 2 in Fig. 1a . Dilution of surface parcels en route to cloud base would have been likely owing to strong vertical shear in the subcloud layer, 7 thus we assumed the lifted parcel possessed the mean thermodynamic characteristics of the lowest 50 mb (as assumed for curve B). Parcel process curve C deviates from parcel theory presumably because of entrainment, water loading, and other effects (Emanuel 1994) . Since it is essentially impossible to accurately account for all of the individual thermodynamic effects on an ascending parcel, curve C was reasonably approximated by constraining the storm top to be located near the level of the highest observed echo top. The CAPE associated with this process curve, which we believe represents the up-
A sample of some of the supercellular radar (KTLX) structures observed on 28 Oct 1998. Base reflectivity and base velocity (0.5Њ elevation angle) at 2249 UTC are shown in (a) and (b), respectively, a few minutes prior to the tornado sighting near Meridian. (c) Base reflectivity (0.5Њ elevation angle) of a storm that prompted a tornado warning (appears as storm 2 in Fig. 1a 26 min later) at 2314 UTC. A cross section through this storm in (d) shows a well-defined bounded weak echo region.
per limit of the amount of CAPE realized, was 305 J kg Ϫ1 . The average parcel virtual temperature (T ) excess for this curve [from the level of free convection (LFC) to the equilibrium level (EL)] was 1.2 K. The maximum parcel T excess was 2.8 K and occurred at 7.6 km (375 mb).
Similarly, we estimated a parcel process curve (curve D in Fig. 8 ) that may have been associated with the
FIG. 8. Skew T-logp diagram depicting the 0000 UTC 29 Oct 1998
Norman, Oklahoma, sounding. Pressures are in mb, mixing ratios are in g kg Ϫ1 , and temperatures are in Celsius. Each full wind barb is 5 m s Ϫ1 (10 kt) and each triangle is 12.5 m s Ϫ1 (25 kt). The surface dewpoint was modified (to 19ЊC) to equal the value of the 0000 UTC Oklahoma City surface airways observation (which also equaled the dewpoint observed at 2300 UTC, as well as the dewpoint observed in Norman by the Oklahoma Mesonet from 2300 to 0000 UTC), due to a low bias in the rawinsonde surface dewpoint (D. Andra and C. Doswell 1998, personal communication) . The four parcel process curves are for (a) an undiluted surface parcel (parcel theory), (b) a parcel lifted with the mean potential temperature and mixing ratio of the lowest 50 mb (parcel theory), (c) an estimated parcel process curve associated with the storm having the highest observed echo top, and (d) an estimated parcel process curve associated with the majority of the storms, which were observed to have echo tops from 5 to 6 km. majority of the storms, which were observed to have echo tops from 5 to 6 km. The CAPE associated with this curve was 46 J kg Ϫ1 . The average parcel T excess for curve D (from the LFC to the uppermost EL) was 0.4 K. The maximum parcel T excess was 1.8 K and occurred at 3.2 km (665 mb). Cloud and echo tops observed to range from approximately 6-8 km (475-360 mb; e.g., Fig. 7d ) may have contained neutrally buoyant parcels that ''coasted'' through this layer (in which the lapse rate was nearly 9 K km Ϫ1 ). Strong mean shear (1.8 ϫ 10 Ϫ2 s Ϫ1 ; Rasmussen and Wilhelmson 1983) was present in the lowest 3 km (Fig.  9) . Storm-relative helicity (SRH; Davies-Jones 1984; Lilly 1986 ) also was large [195 m 2 s Ϫ2 0-1 km SRH; 285 m 2 s Ϫ2 0-2 km SRH; 397 m 2 s Ϫ2 0-3 km SRH; note the particularly large 0-1 km SRH (Markowski et al. 1998) ]. The bulk Richardson number Klemp 1982, 1984) for CAPE ranging from 46 to 305 J kg Ϫ1 was 0.4-2.7 (compared to 6.5-13.4 for CAPE ranging from 729 to 1510 J kg Ϫ1 ). The vertical shear present at low levels would have been favorable for development of a strong upward-directed dynamic vertical pressure gradient (Rotunno and Klemp 1982, 1985; Klemp 1987) . Forced ascent owing to dynamic effects would have been required for parcels to overcome the CIN (35 J kg Ϫ1 for parcel process curves B, C, and D) present on the 0000 UTC sounding (Fig. 8) . The visual observations by the authors of laminar, striated clouds at low levels were consistent with a sounding containing CIN and strong shear. In contrast to low levels, only weak, disorganized vertical shear was present from 4 to 8 km (Fig. 9) . The appearance of an erect storm 2 (which extended to ϳ11 km) in the photograph (Fig. 1a) is a visual manifestation of the lack of midlevel shear. [Although supercells often stand erect in the presence of strong shear owing to large dynamic vertical pressure gradient contributions to vertical velocity, the weak vertical velocities inferred in the 28 October storms (based on echo top growth analyses and the low CAPE) probably would have led to updrafts with significant tilt had strong shear been present.]
Final remarks
In the first section we proposed that the storms in central Oklahoma on 28 October 1998 might represent the most marginal form of supercell, although the events of the day showed how significant some of these storms could be-one was sufficiently organized for tornadogenesis. The environment of the storms presented in this paper had little in common with the previously documented environments of miniature supercells. The most notable difference was the lack of CAPE, which was Fig. 8 ). Maximum parcel buoyancy was comparable to the maximum parcel buoyancy characteristic of the environments of more ''classic'' supercells; however, the relatively low tropopause allowed storm tops to extend only slightly above 400 mb.
considerably less than in the cases presented by Davies (1993) , Stalker et al. (1993) , Kennedy et al. (1993) , Monteverdi and Quadros (1994) , 8 Knupp et al. (1998) , and in numerical simulation studies by , Wicker and Cantrell (1996) , and McCaul and Weisman (1996) . The CAPE present in lake-effect snow and rain events is commonly larger (up to 500-1000 J kg Ϫ1 or more; Miner and Fritsch 1997) than on the 0000 UTC Norman sounding. In previous studies of shallow supercells, CAPE was on the order of 1000 J kg Ϫ1 , and low-level parcel accelerations were comparable in magnitude to the larger versions of supercells ( Fig. 10 ; cf. 9 At the locations of maximum buoyancy, parcels were typically 5 K warmer than their surroundings, in contrast to a maximum (average) parcel T excess of 1.8 K (0.4 K) in the present case for parcel process curve D. Furthermore, CAPE was relatively small and storm tops were relatively low in most of the previously documented minisupercell cases mainly because of a low tropopause, not because of low buoyancy throughout the troposphere. [McCaul (1991) studied hurricane environments that exhibited low buoyancy throughout VOLUME 128 M O N T H L Y W E A T H E R R E V I E W the troposphere; however, the majority of storm tops observed on 28 October were lower than the storm tops typically observed in the tornado-producing convection associated with landfalling hurricanes.]
The synoptic-scale environment on 28 October 1998 in which the low-buoyancy, rotating updrafts formed also was different from most of the large-scale minisupercell environments previously documented (e.g., Kennedy et al. 1993; Monteverdi and Quandros 1994) , in which the low-topped storms formed beneath cold, upper lows, often in the cold sector behind surface cold fronts; however, the storms were observed near the ''possible secondary area for small supercells'' suggested by Davies (1993) . 10 The 28 October 1998 storms formed in the warm sector under a high tropopause (near 200 mb) and relatively warm temperatures aloft (e.g., Ϫ8ЊC at 500 mb). One might speculate that if the warm pocket from 650 to 500 mb was absent, storms might have had a better chance of realizing the larger CAPE available to parcels that behaved according to pure parcel theory (the warm pocket did not allow for significant parcel accelerations owing to buoyancy, thus entrainment may have had a more detrimental effect in that layer than if parcel accelerations had been large). If this had been the case, then they might have resembled the taller, more ''classic'' supercell storms. Another question to be asked is whether something was special about the strength or structure of the convergence zone (e.g., Ziegler and Rasmussen 1998) , since storms are rarely observed and cannot be simulated (Weisman and Klemp 1982 , 1984 , 1986 in such high-shear (ϳ2 ϫ 10 Ϫ2 s Ϫ1 ), low-CAPE (Ͻ100 J kg Ϫ1 ) environments. Or are these storms more common than believed?
The visual appearance of the 28 October 1998 storms was in at least a few ways different from those appearing in past literature. Previously documented minisupercells looked like shortened versions of the larger supercell, with long anvils and cumuliform clouds having the crisp appearance typically associated with buoyant moist convection. The storms presented herein did not produce elongated anvils (Fig. 3) , nor was the convection what an experienced observer would characterize as vigorous (the observations of echo top growth also suggested weak updrafts). Visual similarities with previously documented supercells included the laminar, striated cloud bases and wall clouds.
Finally, this paper has shown that the visual appearance of a storm can be deceiving. The radar characteristics associated with these storms seemed surprising, given their relatively unimpressive visual appearance. This case demonstrates that, in some instances, the radar characteristics of a storm may be seemingly independent 10 This secondary area was allowed only if cold air was present aloft (Davies 1993) ; on 28 October 1998, the mid-and upper-tropospheric temperatures were anomalously warm (e.g., Ϫ8ЊC at 500 mb).
of the storm's mid-and upper-level visual characteristics.
